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Abstract The present research combines biosorption and photocatalysis in a functional
TiO,-immobilized chitosan adsorbent (CTA). CTA can degrade organic pollutants and
adsorb metal ions simultaneously. Target pollutants were dyes of cationic (rhodamine B,
Rh.B) and anionic (methyl orange, MO) nature, with Ni** and Cu** selected as heavy
metals. The presence of Ni** or Cu** improved the degradation ability of CTA for MO, but
inhibited the degradation of Rh.B, with Cu®" exhibiting stronger effects than Ni**. There
was no significant difference in CTA activity when the metal ions were pre-adsorbed or
when they coexisted in the solution with the organic dyes. Protons in the reaction system
affected the degradation performance in a similar way for Ni** and Cu®" leading to a
different effect on the degradation for MO and Rh.B. An X-ray photoelectron spectroscopy
analysis of the binding energies of the metal ions on the surface in the presence of the
cationic or anionic dyes explained the different behaviors. Since anionic and cationic dyes
possess chromogenic groups of different charges, they adversely affect the production of
OH?e radicals when coexisting with Cu®" or Ni*".

Keywords TiO, - Chitosan - Organic dyes - Metal ions - Adsorption - Photocatalytic
degradation

Introduction

Wastewater of industrial, agricultural, and domestic origin contains a variety of pollutants
[1]. Although the common pollutants (e.g., BOD, COD, SS) can be removed/destroyed by
traditional techniques (e.g., settling, aerobic treatment), additional pollutants such as dyes,
metal ions, phenols, siloxanes, and other organic and inorganic pollutants are now
increasingly targeted since these are posing serious threats to human health and to the
aquatic environment. Different physical and chemical methodologies like filtration,
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advanced oxidation, ion exchange, membranes, photochemical reactions, and adsorption
have been examined to control this specific persistent wastewater pollution [2—7]. Among these
techniques, adsorption is an efficient, universal, albeit fairly expensive method used nowadays
[8, 9]. Gupta et al. presented various adsorption findings for both the removal of some toxic
textile and food dyes (e.g., carmoisine A, rhodamine B, basic fuchsin) and to manufacture low-
cost, waste-based adsorbents (e.g., bottom ash, de-oiled soya, activated rice husks) to provide
alternatives for activated carbon and reduce the associated operating costs [10—18]. Adsorption,
however, only removes the organic pollutants (e.g., dyes), while their destruction requires
chemical processes such as oxidation-reduction. Photocatalysis is one of the various advanced
oxidation processes [19] and is an efficient technology for wastewater treatment.

Photocatalytic processes involving TiO, semiconductor particles under ultraviolet (UV)
light irradiation have shown potential advantages to be used in several applications [20-26].
Moreover, scientific interests in semiconductor photocatalysis have grown significantly.
Within the photocatalytic water/air purification and photocatalytic hydrogen production, the
photogeneration of hole/electron pairs is essential, although the utilization of holes/
electrons and the system processes are different. In the photocatalytic degradation of
organic chemicals, valence band holes are the key elements that induce the decomposition
of contaminants. TiO, has a high band gap energy of 3.2 ¢V and will generate electron—hole
pairs when it is exposed to UV radiation below 380 nm due to photoexcitation [27]. The
electron—hole pairs react readily with oxygen and water molecules from the environment to
form superoxide (O,¢) and hydroxyl (OHe) radicals, which are responsible for the
photocatalytic degradation of organic pollutants by TiO,.

In the area of water and wastewater treatments, the photocatalytic applications of TiO, have
been widely exploited in the decomposition of organic chemicals because of the strong
resistance to photocorrosion, low operating temperature, low cost, and very low energy
consumption [28, 29]: especially nanoparticles of TiO, offer a growing perspective. The nano-
TiO, powder is however difficult to be reused since it is difficult to be separated from the
water phase: the immobilization of nano-TiO, on an appropriate carrier (e.g., chelating resin,
polyethylene terephthalate, modified silica, polytetrafluroethylene beads, and biological
substances) can solve this problem. In its early development, well-crystallized TiO, particles
immobilized on these carriers had to undergo a treatment at high temperature to achieve
optimum photocatalytic performance, but the high temperature was shown to destroy the active
structure of the thermally sensitive substrates [30—32]. Various attempts have since been
undertaken in the development of new efficient carriers, and our research team demonstrated
that chitosan is a good choice: as a biopolymer isolated from marine organisms, chitosan is a
promising adsorbent to effectively remove heavy metal ions, with good adsorption character-
istics for Ni**, Cu®*, and other heavy metal ions [33-35]. Moreover, chitosan shows removal
activities for some organic dyes [36]. Su et al. [37, 38] have developed a new surface
molecular imprinting adsorbent made of chitosan to remove heavy metal ions.

In the research reported in the present paper, TiO, was added to the surface molecular
imprinting chitosan and a double functional chitosan—TiO, adsorbent (CTA) was
developed. Natural and waste waters invariably contain both organics and metal ions, and
the photocatalytic degradation efficiency can be very different from solutions that contain
organic pollutants alone. It is therefore essential to study the role metal ions play in the
mechanism of the photocatalytic degradation of these organics. The metal ions (Ni** or Ag")
adsorption and organic pollutants (methyl orange) degradation properties of CTA were studied
in a previous work [38]. The present research studies the activity of CTA for anionic (methyl
orange, MO, as an example) and cationic dyes (thodamine B, Rh.B, as example), in the
presence or absence of Cu®" or Ni**.
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Materials and Methods
Materials

Chitosan with 82% degree of deacetylation was extracted from shrimp shells in our laboratory.
Titanium dioxide was used as the photocatalyst (Degussa P25, 80% anatase, 20% rutile, 50 m?/ g,
primary particle size 25~30 nm, agglomerate size 80~100 nm). NiSO46H,O and Cu
(NOs),-3H,0, epichlorohydrin, acetic acid, EDTA, NaOH, MO-ethylenediamine tetraacetic
acid disodium salt, and Rh.B were of analytical grade. The different ionic structure of MO vs.
Rh.B is illustrated in Fig. 1, with MO being anionic and Rh.B being a cationic dye.

Preparation of Chitosan—TiO, Adsorbent

Firstly, 0.5 g chitosan and 0.2 g TiO, were dissolved in 20 mL of 2 vol% acetic acid. Then,
0.5 mL of a solution containing 5,000 mg/L Ni** was added into the above solution. The
mixture was stirred continuously for 45 min, and 1 mL epichlorohydrin was added. The
mixture was stirred for 5 h at 30 °C. The mixture was discharged into 0.25 M sodium
hydroxide solution through a seven-gauge needle, and beads were instantaneously formed.
The formed chitosan beads remained in the sodium hydroxide solution for 12 h and were
washed with distilled water. The wet beads were put into a flask with 100 mL of 0.1 wt.%
ethylenediamine tetraacetic acid disodium salt solution, stirred at 30 °C for 4 h, and then
washed with distilled water. The chitosan beads were put into another flask with 50 mL of
0.05 mol/L NaOH solution and stirred at 30 °C for 2 h. Finally, the chitosan beads were
washed with distilled water and dried at 60 °C for use.

Adsorption and Degradation Experiments

A 0.2-g adsorbent (dry) was added into a flask containing MO, or Rh.B, and also Ni*" (50—
240 mg/L) or Cu* (50—200 mg/L), respectively, for specific tests, in a 40-mL solution
volume. The mixtures were shaken in a reciprocal shaker (70—80 rpm) at room temperature.
The experiment was carried out with UV light at average intensity of 181.7 uW/cm? at
297 nm and 86.6 uW/cm? at 254 nm. The degradation (in percent) of organic compound
was determined by mass balance calculation, as [Cy,, — C4]/Ciy X 100 (%), where C,,, and Cy4
are the initial concentration of organic compound and the concentration at irradiation time
(minutes), respectively.

The loading capacity of metal ions was determined by mass balance calculation, as Oy =
[Cvm — Ce] X V'/ W, where Qy, is the loading capacity (milligram per gram), Cy; is the initial
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Fig. 1 The structure of MO (a) and Rh.B (b)
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concentration of metal ion (milligram per liter), C. is the equilibrium concentration of metal
ion (milligram per liter), V (liter) is the volume of added solution, and W (gram) is the
weight of the adsorbent (dry).

Analysis

The concentrations of Ni*" and Cu®*" were analyzed by an atomic adsorption spectrum
(SpectrAA 55-B, Varian). The dye concentration was analyzed by an absorption
spectrophotometer (MO at 464 nm and Rh.B at 552 nm). X-ray photoelectron
spectroscopy (XPS) was used to investigate the binding energy of metal ions in the
different experiments.

Results and Discussion
Effects of Coexisting Ni** on the Photodegradation of Different Organic Dyes by TiO,

The degradation of MO and Rh.B by TiO, powder in the presence or absence of Ni*™ was
examined. Table 1 shows that TiO, powder has a strong ability to degrade organic dyes,
and the addition of Ni*" into the photocatalytic system leads to the increased degradation
for MO and a decrease for Rh.B by TiO,. Without Ni*', a nearly complete degradation of
MO and Rh.B was observed after UV illumination during 2 h. When Ni*" was added into
the reaction system, it strongly inhibited the photocatalysis efficiently of TiO, for Rh.B,
which decreased from >99.9% to 57.8%. The degradation efficiency of TiO, for MO
remained excellent, which can be attributed to the enhancement of the anionic MO
adsorption due to electrostatic interaction with the adsorbed positively charged Ni** [39]
(this interaction is opposite in the case of anionic Rh.B dye). As discussed in detail further
in the text, it is suggested that the metal ions will combine electron/hole pairs with different
behaviors according to the charge of the dye: MO carrying anionic charges will help the
connection of metal ions and electron/hole pairs due to their complementary charges, while
cationic Rh.B will have a competitive connection with metal ions. More research was
therefore conducted and is discussed below.

Effects of Pre-adsorption of Metal Ions on the Degradation of MO and Rh.B by CTA

To further clarify the effect of pre-adsorbed metal ions, the degradation of anionic dye-MO
and cationic dye-Rh.B was examined when metal ions (Ni*" or Cu*") were pre-adsorbed.
Figures 2 and 3 illustrate the degradation yield of CTA with or without metal ions being
present. Pure CTA showed good degradability for both MO and Rh.B, being 52.8% and
58.3%, respectively. The pre-adsorption of metal ions has a different influence on the

Table 1 Effects of coexistence of

Ni** on degradation of organic Different organic dyes ngricentration of Degradation (%)
dyes by TiO, Ni"(mg/L)
MO 0 >99.9
400 >99.9
W=0.01 g, V=50 mL, =2 h, Rh.B 0 >99.9
Cn(MO)=10 mg/L, C;,(Rh.B)= 400 57.8
10 mg/L
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degradation behavior of the CTA for MO and Rh.B, whereas the degradability of CTA for
MO was enhanced after it had been loaded with metal jons (Cu®>" and Ni*"), and the
opposite occurs for Rh.B. The degradation yield of MO at 6 h increased from 52.8% to
about 85.1% with the increasing Ni*" load from 0 to 31.3 mg/g. When the Cu?®" load
increased to 78.5 mg/g, the degradation yield quickly reached 86.7%. On the contrary, the
degradability of the M**/chitosan/TiO, adsorbent for Rh.B was progressively reduced. With
an increasing degree of pre-adsorption, the degradation using Ni**/chitosan/TiO, and Cu®*/
chitosan/TiO, adsorbent decreased to 25.4% and 11.3%, respectively.

It is well known that the photocatalysis of TiO, depends on the production of OHe
radicals. Electron—hole pairs will be generated when TiO, is exposed to UV radiation, but
only part of them will transfer to the surface of TiO, due to some electron—hole
recombination inside TiO,. Electron-hole pairs on the surface of TiO, interact with the
reaction system and provide TiO, with its function as photocatalyst [40, 41]. When Ni**
was pre-adsorbed on the surface of TiO,, Ni*" acts as electron acceptor to combine with the
photoelectrons, thus generating more photo-induced holes. MO (Fig. la) with anionic
chromogenic groups has a stronger ability to combine photo-induced holes than when there
was no Ni*" present. The opposite phenomenon was observed in the degradation of Rh.B
(Fig. 1b) with cationic chromogenic groups: Rh.B will compete with Ni** to combine with
photoelectrons, thereby inhibiting the separation of the election—holes and leading to a
weakening of the photocatalytic abilities towards Rh.B. Similar results were observed for
the degradation of MO and Rh.B when Cu*" was pre-adsorbed.

Fig. 3 Effects of pre-adsorption 100
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Effects of the Coexistence of Metal Tons and Organic Dyes upon the Degradation by CTA

The addition of metals ions into the photocatalytic system leads to the increased
degradation for MO and a decrease for Rh.B, indicating a different degradation route for
different organic dyes, as explained at the end of the paper. Figure 4 shows that the
degradability of MO by CTA was facilitated when the system contained MO and Ni#*
together. As shown in Figs. 4 and 5, the degradation yield of MO increased from 55.9% to
85.1%, and the degradation of Rh.B decreased from 53.1% to 25.2% when the Ni**
concentration increasing from 0 to 240 mg/L in the solution. The effect of the coexistence
of Ni*" on the degradation of MO was furthermore investigated by using the Langmuir—
Hinshelwood first-order kinetic model, expressed by a simple linear equation [42]: In(C,,,/ Cy) =
ki-t; ky represents the photocatalytic rate constant (per minute). Figure 6 shows the straight
lines of In(C,,,/ Cy) versus irradiation time whose slope corresponds to &; under different NiZ"
concentrations (from 0 to 240 mg/L). In each condition, R exceeded 0.986 which indicated a
good fit of the simple linear kinetic model to the experimental data. Under different cases (Ni**
concentration ranging from 0 to 240 mg/L), the values of the rate constant were
0.0033, 0.0040, 0.0050, and 0.0038 min ', respectively. This indicated that the
existence of metal ions promoted the degradation of anionic dyes, and the effect did
not monotonously increase with the increasing ion concentration, implying that a peak
value of ion concentration existed.

A similar phenomenon was observed when Cu*" was present, and the degradation ratio
of MO increased from 56.8% to 89.2% when the Cu®" concentration increased from 0 to
200 mg/L in the solution. Contrary to MO, the degradability of Rh.B decreased by about
13.8% (Fig. 7).

These effects are the result of the interaction of metal ions and the CTA, leading to
different effects when exposed to UV radiation. When Ni** (or Cu®*) and MO coexisted, Ni**,
as electron acceptor, combines the photoelectrons on the surface of TiO,, so more photo-
induced holes are generated. MO with anionic chromogenic groups had a stronger ability to
combine photo-induced holes than when no Ni** was present. The opposite phenomenon was
observed when Ni** (or Cu®") and Rh.B coexisted: Rh.B with cationic chromogenic groups
will competitively combine photoelectrons with Ni** and will hence inhibit the separation of

Fig. 4 Effects of the coexistence 100
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degradation by CTA N! =0mg/L
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N
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the election—holes and will lead to the weakening of the photocatalytic abilities for Rh.B
when Ni** and Rh.B coexisted.

Table 2 summarizes the effect of the different metal forms (pre-adsorbed or
coexisting) on the degradation of MO and Rh.B by CTA, showing a similar trend
observed. Although the different behaviors of the Cu form are obvious, the pre-adsorbed
or coexisting form has little effect in the case of Ni*". In order to clarify the common
effect of metal ions, excluding the effect of their form, CTA-adsorbed NiZ" was further
investigated by XPS.

Effect of pH with the Coexistence of Ni>* upon the Degradation by CTA and Chitosan

In the metal ion and dye coexistence system, the effects of pH include two aspects: on the
one hand, in the solution with lower pH, more protons exist which act as electron acceptor

Fig. 6 Variation of In(C,,/Cy) 20
with irradiation time under dif- o
ferent Ni*>* concentrations = Ni#=0mg/L
e Ni#*=40mg/L
1.54 4 Ni#*=200mg/L
v Ni#*=240mg/L
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and affect the degradation for Rh.B/MO differently, just in a similar way with Ni** and Cu*" (as
illustrated in “Effects of the Coexistence of Metal Ions and Organic Dyes upon the
Degradation by CTA”); on the other hand, a lower pH value means better dispersion and
causes better interaction effects that consequently improve the elimination. Figure 8 shows the
degradation of Rh.B and MO by CTA under different pH conditions (shown in solid
symbols). In the case of Rh.B, more protons inhibited and better dispersion promoted the
degradation by CTA, so there was a peak in the plot of degradation yield versus pH. As far as
MO was concerned, more protons and better dispersion both promoted the degradation by
CTA, and the degradation increased with the decreasing pH value. Figure 8 also shows the
degradation of Rh.B and MO by chitosan under different pH conditions (in hollow points). A
lower pH value leads to a better degradation for both Rh.B and MO when the pH value is
under 5, and when it is above 5, the two plots did not change greatly which could be
explained as follows: because of the absence of TiO,, there was no electron transfer in the
system of protons as electron acceptor; thus, the effects of pH on the dispersion of chitosan
play as a dominant role, especially in the lower pH value.

XPS

Figure 9 and Table 3 show the XPS of Ni*" at various concentrations loaded on the surface
of CTA with or without dye being present (a MO, b none, ¢ Rh.B). Table 3 shows that the
binding energy of Ni** on the surface was different when the CTA degraded different
organic dyes. When Ni*" (C;=200 mg/L) coexisted with MO, the binding energy was
856.42 eV, and when Ni*" (Cn;=200 mg/L) coexisted with Rh.B, the binding energy was
855.46 eV. A higher binding energy of Ni** would oppress the recombination rate of e—/h +
pairs of TiO, so that it will result in stronger production of OHe radicals, which have a
positive influence on the photocatalytic activity of the adsorbent for MO. But the opposite

Table 2 The effect of the metal present on the degradation by CTA

Cu** Pre-adsorbed Coexisting Ni*"  Pre-adsorbed Coexisting
(OMm=78.5 mg/g) (Cm=200 mg/L) (Om=31.3 mg/g) (Cm=240 mg/L)
Degradation ratio MO~ +33.9 +12.7 MO +323 +29.2
change (%) RhB -47.0 -13.8 RhB -32.9 -27.9
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phenomenon was observed when Ni*" and Rh.B were jointly present. The lower binding
energy of Ni is unable to oppress the recombination rate of e—/h + pairs of TiO, efficiently,
and the adsorbed and coexisting Ni*" will therefore decrease the degradation of Rh.B by
CTA. Clearly, the metal’s ability of gaining electron affects the degradation of the CTA for
organic dyes with different properties. Figure 10 and Table 3 show that there was no
obvious binding energy change of Ti, meaning that the immobilization of TiO, onto
chitosan did not alter the structure of TiO,. Clearly, TiO, immobilization on chitosan offer
vast perspectives in photocatalytic degradation [43].

The Photocatalysis Route of TiO, When Metal Ions Are Present

To further elucidate the findings of the research, the mechanism of photocatalysis offers a
tentative explanation of the different behaviors noticed. The principle of photocatalysis is
illustrated in Fig. 11.

It has been reported that the TiO, photocatalytic reactions proceed mainly by the
contributions of active oxygen species, such as hydroxyl radical, OHe; superoxide radical,
0,¢; and hydrogen peroxide, H,O,. Among them, the OHe radical is an extremely important
species. Although the OHe formation mechanism has been suggested as the result of
photocatalytic decomposition of water, the detailed mechanism on the TiO, surface is unclear
so far, and a lot of efforts have been spent to elucidate the precise mechanism [44-48]. In
wastewater containing both organics and metal ions, it is essential to study the role that metal
ions play in the mechanism of the photocatalytic degradation of these organics. Some
postulates have been put forward to explain this which include:

e Electron trapping by the metal ions leading to the prevention of electron—hole
recombination or competitive combination with photoelectrons [49—51]

* A homogeneous, Fenton-type reaction mechanism induced by the presence of the
dissolved transition metal ions [52, 53]

* The formation of the TiO,—metal systems [54, 55]

Table 3 Binding energy of Ni and Ti when adsorbed with different organic dyes (a MO, b none, ¢ Rh.B)

a Peak BE b Peak BE c Peak BE
Ni2p3 856.42 Ni2p3 855.64 Ni2p3 855.46
Ti2p3 458.95 Ti2p3 459.08 Ti2p3 459.03
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Fig. 9 XPS spectra of Ni 2p ()
when adsorbed with different
organic dyes (a MO, b none,
¢ Rh.B). C;=200 mg/L, Vi
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Fig. 10 XPS spectra of Ti 2p
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Fig. 11 The principle of
photocatalysis
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Based upon these postulates, a new simplified mechanism of the TiO,/OHe action is
proposed by the authors:

TiO, + hv - TiO, +h™ +e
H,0 +h* - OHe+H"
OH +h" - OHe
O,+¢e —» OHe
H,O+ O, - OOHe + OH™

OOH- + H,O +e -H,O0,+ OH"

For anionic dye-MO For cationic dye-Rh.B
Ni*+e —Ni complementary Ni** +e — Ni competitive
) Rh.B* + e— adsorbed function
MO + h* —adsorbed function
More e are generated ﬂ Less e are generated
Enhancement Weakening
H,0, +e — OHe + OH™

Conclusion

The degradability of MO and Rh.B by the CTA photocatalyst was examined with or
without metal ions being present. Different findings were obtained when CTA dealt with
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anionic dye-MO and cationic dye-Rh.B. When the Ni** load increased from 0 to 31.3 mg/g,
the degradation of MO increased by 32.3%, while that of Rh.B decreased by 32.9%.
Similar effects were noticed in the presence of Cu®*. Irrespective of the form of the metal
ion, the degradation of the MO dye is enhanced and that of Rh.B is inhibited when metal
ions are present. With the decreasing pH value, the degradation performance for MO and
Rh.B increases, while for Rh.B, this effect is not monotonous and a peak exists. This
indicates that protons, as electron acceptor just like metal ions, affect the degradation ability
of CTA in a similar way for Ni** and Cu®**. XPS analyses when Ni** is present confirms
that a lower binding energy of Ni would oppress the recombination rate of e /h" pairs and
result in the improvement of photocatalyses when Ni*" and MO coexisted. The opposite
phenomena occur when Ni** and Rh.B coexist. Since MO and Rh.B possess chromogenic
groups with different charges, these groups will differently affect the photo action of TiO,,
leading to a different formation of electron/hole pairs when the process is initiated under
UV, thus also affecting the production of OHe which is important during the photocatalysis
action of TiO,.
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